Physical maps of rice chromosomes 4 and 7 were constructed by landing yeast artificial chromosomes (YACs) along our high-density molecular linkage map. Using 114 DNA markers, 258 individual YACs were located on chromosome 4. Sixty-two out of 258 YACs carried two or more DNA marker positions and formed 16 contigs which covered a total length of 17.1 cM. The other YACs were arranged to 23 positions. On chromosome 7, 203 individual YACs were landed on 109 DNA markers. Sixty-four out of 203 YACs formed 15 contigs which covered a total length of 21.8 cM and 139 YACs were localized to 26 positions. Chromosomes 4 and 7 were covered with minimum tiling paths of 45 and 48 YACs, respectively. Taking the average size of YAC insert DNA to be 350 kb and the entire genome size to be 430 Mb, about 16-18 Mb of each chromosome or an estimated 50% of their total lengths have been covered with YACs. Physical maps of these 2 chromosomes should be of great help in identifying useful trait genes and unraveling genetic and biological characteristics in rice.
Introduction
Recently, a high density molecular linkage map has been constructed in rice. 1 This linkage map was generated using 186 F2 progenies derived from a cross of a japonica rice variety, (Nipponbare) with an indica variety (Kasalath) and comprised 1383 DNA markers, mainly restriction fragment length polymorphism (RFLP) markers and sequence-tagged site (STS) markers, distributed along 1575 cM on 12 linkage groups. High-density molecular maps have also been constructed in other plants such as tomato, 2 Arabidopsis 3 barley, 4 maize, 5 and wheat 6 with average genetic distances between DNA markers of 1.2, 1.6, 6.8-9.6, 2.2, and more than 5 cM, respectively. The rice high-density linkage map has average marker intervals of 1.1 cM and is the densest map in plants to date. Moreover, the genome size of rice is 430 Mb, which is the smallest among cereal crops. Considering the synCommunicated by Mituru Takanami * To whom correspondence should be addressed. Tel. +81-298-387441, Fax. +81-298-387468, E-mail: tsasaki@abr.affrc.go.jp (Takuji Sasaki) f Present address: Hokuriku National Agricultural Experimental Station, Joetsu, Niigata, 943-01, Japan X Present address: National Institute of Genetics, Yata 1111, Mishima, Shizuoka 411, Japan teny among cereal genomes, 7 9 a physical map of rice with ordered YAC contigs will serve as a powerful tool for comparing and resolving genome structure and for isolating agronomically and biologically important genes, not only of rice but of other monocot cereals.
The 6,934 clones of the YAC library used in this study have an average insert length of 350 kb and were estimated to contain a total of 6 rice genome equivalents. 10 Until now, we have reported physical maps of rice chromosomes I, 11 5, 12 and 6, 13 each more than half-covered with ordered YAC clones. In Arabidopsis thaliana, construction of a physical map has also been proceeding 14 " 16 and entire chromosomes have been almost completely covered by YAC clones. Establishing physical maps for several crops will provide ready access to any region of the genome which can be genetically identified and will serve as a starting point for studies of genomic organization. 17 In this paper, we describe the construction of YAC contigs on rice chromosomes 4 and 7. Chromosome 4 has been mapped with a total of 59 phenotypical trait genes including genes for resistance to Xanthomonas oryzae pv.oryzae (Xa-1, 2, 12), Pyricularia oryzae (Pi(t), Pikur-1), and brown planthopper (bph-2). Chromosome 7 has been mapped with a total of 41 trait genes including those for spotted leaf-5 (spl-5), endosperm storage Physical Mapping of Rice Chromosomes 4 and 7
[Vol. 4, protein-1 (esp-1), and photosensitivity-2 (se-2). 18 Thus, in order to understand the genomic organization of these chromosomes and undertake further studies in genome analysis, particularly with positional gene cloning, information derived from physical mapping will be indispensable.
Materials and Methods

YAC clones and DNA markers
High molecular weight DNA extracted from cultured cells of Oryza sativa L. cv. Nipponbare was partially digested with EcoRl and Not I, ligated into pYAC4 and pYAC55, respectively, and transformed using Saccharomyces cerevisiae AB1380. 10 A total of 6,934 resulting YAC clones were dotted on 5 nylon membrane filters (Biomek 1000, Beckman), and replicas of the original filters were prepared for colony hybridization.
Our high-density linkage map contained 114 DNA markers consisting of 103 RFLP and 11 randomly amplified polymorphic DNA (RAPD) or STS markers on chromosome 4, and 109 DNA markers consisting of 98 RFLP and 11 RAPD or STS markers on chromosome 7. 19 A total of over 200 DNA markers were used for colony/Southern hybridization and PCR screening.
YAC selection by colony/Southern hybridization and PCR screening
Screening of the YAC library was done by colony hybridization with RFLP markers consisting of cDNA clones as well as several kinds of genomic clones of rice and wheat previously localized on our genetic linkage map. 1 After selection, DNA of candidate YAC clones was isolated and digested with one of the eight enzymes (Apa I, BamHI, Bglll, Dra I, EcoRl, EcoRV, Hindlll, and Kpn I) used for RFLP mapping in order to confirm mapped bands by Southern analysis. YAC clones carrying the same RFLP fragments as genetically mapped DNA markers were selected. Signal detection of colony and Southern hybridization was performed with the ECL detection system (Amersham).
RAPD markers and STS markers which had been converted from RAPD markers were used to screen YAC clones by 3D-PCR 13 ' 20 using marker-specific designed primers. 19 In the first step of this process, all YAC clones in our library were divided into eight groups and pooled clones in each group were used as templates for the PCR reaction. In the second step, each of the positive DNA pools was divided into 3-dimensional DNA pools along the X-, Y-, and Z-axes. In the third step, all candidate YAC clones detected by 3D-PCR were confirmed by individual PCR.
YAC ordering and sizing
YACs selected with the genetically mapped DNA markers were aligned on the corresponding marker positions on our high-density linkage map. A continuous array of ordered YACs with minimal overlaps was selected as the minimum tiling path for each chromosome. The yeast DNA of the minimum tiling path YACs were isolated, run through pulsed-field gel electrophoresis (PFGE), and hybridized with pYAC4 vector probe to determine insert size.
2.4-Availability of clones and information
The high-density YAC filters, YAC clones, and DNA markers used in this study are available upon request from the Ministry of Agriculture, Forestry, and Fisheries (MAFF) DNA bank accessible through http://bank.dna.affrc.go.jp/.
Results
YAC screening and alignment on chromosome 4
A total of 110 out of 114 mapped markers were used for YAC screening, and a total of 445 YAC clones could be selected by colony and Southern hybridization with these markers (an average of 4.9 YACs per marker). The number of independent YAC clones was 258. These clones were ordered along the entire length of chromosome 4 ( The longest contig, from R2376 to Y5212R located on the up stream portion of this chromosome, covered 3.7 cM in length with a minimum of 3 YAC clones, Y2186. Y5056, and Y5212. A single YAC clone, Y5056, has a 649-kb insert and spans 3.0 cM with 9 markers from L116 to Y5212L in the up stream portion of the chromosome.
One copy of the multicopy sequence marker Vll, V11C located at 57.1 cM, identified a maximum of 28 YAC clones, whereas V11B, located at 109.2 cM, identified 4 YAC clones on this chromosome (Fig. 2) . Another copy of the V l l sequence, V l l A, was mapped and identified 10 YAC clones on chromosome 12. An additional 13 markers were also multicopy sequence markers that identified 41 YAC clones ordered on chromosome 4 and another 40 YAC clones ordered on other chromosomes.
As a result of YAC screening of chromosome 4. 160 YACs were also selected by many multicopy DNA markers which could not be mapped because of the lack of The gray vertical bar represents our high-density linkage map and the short horizontal bars crossing it show the positions of DNA markers. 1 The DNA markers with selected YACs are aligned to the left of the genetic map. The DNA markers on the right side were those which could not identify any YACs in our library and the underlined markers were unsuitable for YAC screening. The VI1C locus was a Kasalath-dominant band without any discernible Nipponbare allelic band. However R829, which linked with VI1C, could assign Y4913, Y5375, and six other YACs on chromosome 4 (see Fig. 1 ). Twenty kilobase fragments of these YACs also hybridized with Vll probe. Therefore, the 20-kb fragment appeared to be a Nipponbare allelic band of the VI1C locus and was designated as the ' C band.
polymorphism in the parent varieties of our F2 population. A large portion of these unmapped fragments could be located on the assigned YACs by fortuitous inclusion on these YACs of sequences identical to those of mapped fragments. A total of 19 markers could not select any YAC clone in our library. These included 5 Kasalath-dominant type markers whose allelic bands in Nipponbare could not be determined. Nine out of these 19 markers were concentrated on the region from 52.4 to 59.0 cM.
YAC screening and alignment on chromosome 7
Out of 109 DNA markers for chromosome 7, a total of 104 markers were used and the remaining 5 markers were unsuitable for screening. Ninety-four out of 104 DNA markers could select YAC clones by colony and Southern hybridization. The total number of YAC clones selected with these markers was 370, for an average of 3.9 YAC clones per marker. The number of independent clones ordered along the chromosome was 203 (Fig. 3) . Sixtyfour of the 203 YAC clones formed 15 contigs that covered 21.8 cM of genetic distance. A total of 139 YACs carrying single DNA markers were arranged at 26 positions. Ten DNA markers selected 1 YAC on each position and 16 markers assigned more than 2 YACs each. In total, 41 separate regions on chromosome 7 were covered by YACs with the minimum tiling path of 48 YACs.
The longest contig, from C1521 to P82, covered a length of 4.8 cM with a minimum of three YAC clones, Y1908, Y2502, and Y4318. The YAC clone Y5708 covered the longest genetic distance, 4.3 cM, from C492 to R643A in the middle stream of chromosome 7. This YAC clone carried a 455-kb insert. Another clone, Y3614 with a 624-kb insert, carried seven DNA markers and covered a genetic distance of 2.8 cM. Several markers, namely. C67A, R277, and G388. could identify a maximum of 11 YAC clones each.
Several multicopy sequence markers have been mapped on chromosome 7, such as C1023 which encodes ribosomal protein S12 mapped at 2 loci on this chromosome. A total of 52 YAC clones were ordered on 12 markers of multicopy sequences on chromosome 7 and 23 YAC clones were ordered on other chromosomes.
The chromosomal positions of 96 YACs selected with unmapped DNA bands of multicopy DNA markers have not yet been determined. Five markers out of the 10 which could not select any YAC clone in our library were located in the region from 54.1 cM to 59.7 cM.
Ordering of multiple DNA markers located on the same positions
The marker order for 19 and 22 genetic loci carrying 53 and 54 DNA markers on chromosomes 4 and 7, 1 respectively, could not be resolved due to the absence of recombination among the DNA markers from the 186 F2 progenies of our mapping population. However, the positions of some DNA markers could be determined by ordering YAC clones (see Figs. 1 and 3 ). For example, the markers from R2376 to Ky4 on the upper region of chromosome 4 and most of the same position markers on the lower region of chromosome 7 could be ordered based on the arrangement of selected YACs. In this way, the order of DNA markers linked together in a total of 23 genetic loci, 9 on chromosome 4 and 14 on chromosome 7, could be determined by YAC arrangement.
3.4-Chimera and deletion of YAC clones
A total of 23% and 26% of all assigned YACs in chromosomes 4 and 7, respectively, simultaneously identified markers in different chromosomes or positions. Several markers could identify mostly chimeric YACs. These chimeric YACs have an estimated average insert size of 500-600 kb.
Several YACs for which one or a few markers between pairs of other markers could not be identified were also selected from our library (represented in Figs. 1 and 3 by black bars with gray bars in between to show the deleted segment). In chromosome 4, possible deletions were observed in Y815, Y1041, Y1433, Y4111, Y4220, and Y4873, whereas in chromosome 7, Y1868, Y2938, and Y5951 were possible deletion YACs.
Discussion
This study has been conducted as a component of the effort to thoroughly cover all chromosomes with YAC contigs by ordering YAC clones. The chromosome coverage with ordered YAC clones for chromosome 4 can be estimated as follows: (1) Contig forming regions: A total of 62 YACs which carried 2 or more DNA markers covered 17.1 cM. These YACs formed 16 contigs throughout the entire length of the chromosome. The genome size of rice and the total genetic distance of our high density molecular linkage map are estimated to be about 430 Mb and 1575 cM, respectively, meaning that 1 cM corresponds to 273 kb. Therefore, the total physical length of the regions covered by YAC contigs is estimated to be 4.7 Mb (17.1 cM x 273 kb/cM). The chromosome coverage of ordered YACs in chromosome 7 was estimated by the same method as described for chromosome 4. Sixty-four YACs formed 15 contigs which covered 21.8 cM and a physical distance of 6.0 Mb. Multiple YACs on the same positions and single YACs could be selected by DNA markers in 16 and 10 positions, respectively. These regions covered a total of about 11.9 Mb. Thus, the coverage of the ordered YACs on chromosome 7 is 17.9 Mb, corresponding to 53% (17.9 Mb/34 Mb x 100) of the total chromosome length.
Based on the estimates above, about half of both chromosomes 4 and 7 were covered by ordered YAC clones. The total length of YACs composing a minimum tiling path is another measure of the physical length of regions covered by YACs. The total length of the minimum tiling path of chromosome 4 ranged from 20 to 23 Mb and that of chromosome 7 ranged from 19 to 22 Mb. These values are larger than those of estimated chromosome coverage, suggesting that at least half of both chromosomes have been covered with YAC clones.
The above estimates of the physical sizes of the YAC contigs also enable us to compare the differences in the relative ratios between the genetic and the physical distances. Marker-dense regions, which have around 7 to 11 markers over distances of the order of 0.5 cM such as the regions from C933 to V11B on chromosome 4 and from Y2707L to T55 on chromosome 7, could not be completely covered with 1 or a few YACs. This suggests that the physical distances per cM in these DNA markerdense regions are relatively longer than are those in the rest of the chromosome. The relatively longer physical distance per cM may be attributed to the proximity of the region from Y2707L to T55 on chromosome 7 to the centromere region (unpublished data). The region from C933 to VIIB on chromosome 4 might be another unique region which can be revealed by physical mapping. Establishment of the relationship between genetic and physical distances will provide useful information for chromosome walking as well as for marker-assisted selection in breeding programs. 22 The average numbers of YACs selected by each DNA marker on chromosomes 4 and 7 were calculated to be 3.9 and 4.9, respectively; these values are smaller than was expected considering the size of our YAC library, which is estimated to contain six haploid genome equivalents. 10 We attribute this difference to the existence of organellar DNA clones and lack of insert clones in our YAC library.
Mapping of some YAC end clones revealed the frequency of chimeric YAC clones to be about 40%. 10 Chimeric YACs with insert sizes greater than 500 kb were also detected in this study. Some other YACs suggesting the occurrence of rearrangement or deletion of insert DNA in host yeast cells were also detected. However, regions covered exclusively by chimeric or deletion YAC clones are very rare, suggesting that it is possible to construct a precise physical map which can efficiently eliminate such chimeric and deletion YAC clones.
A total of 29 markers, from the total of 214 DNA mark-ers on both chromosomes used for screening, failed to select any YAC clones. Six DNA markers which were located between 52.4 and 52.7 cM on chromosome 4 could select no YACs, indicating that this region is not covered in our library. The chromosome 4 region including Xa-1, one of the bacterial blight-resistance genes, has been located to between 20.9 and 21.6 cM. 23 This region included four additional markers (KyuO8, Y5212L, KyO4, and Y5212R) recently mapped in our rice high-density molecular linkage map. Xa-1 has been localized to a specific location on Y5212, demonstrating the usefulness of map-based cloning of this gene with ordered YAC clones. Thus, landing of YAC clones on DNA markers is indispensable to converting the genetic map into a physical map and to unraveling the genetic and biological characteristics of these two, as well as other, chromosomes. Such efforts will also facilitate isolation of agronomically important genes in both chromosomes by map-based cloning.
